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Abstract 

It has long been a puzzle t h a t  t he  s o l a r  corona appears t o  be 

overabundant i n  metals r e l a t i v e  t o  t h e  photosphere, and t h a t  r e l a t i v e  

t o  i t s  neighbors i ron  i s  a f a c t o r  four  underabundant i n  t h e  photo- 

sphere r e l a t i v e  t o  meteor i tes .  

concentrated i n  t h e  corona by r a d i a t i o n  pressure  ac t ing  on l i n e s ,  

and t h a t  t h e  s o l a r  wind has car r ied  away much of t he  i r o n  i n  t h e  

ou te r  solar  convection zone. 

It i s  suggested t h a t  metals a r e  
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A long-standing problem which plagues at tempts  t o  coostruct  

t heo r i e s  of nucleosynthesis and of t h e  o r i g i n  of t he  s o l a r  system i s  

t h e  discrepancy between the. s o l a r  and me teo r i t i c  abundances of i r o n .  

Relat ive t o  o ther  intermediate  elements, i ron  i s  about a f a c t o r  fou r  

l e s s  abundant i n  the  s o l a r  photosphere than i n  the  meteor i tes .  The 

observat ional  and experimental background of t h i s  problem has many 

times been discussed by Urey ( see  f o r  example Urey 1967). 

One of t h e  f e a t u r e s  cont r ibu t ing  t o  t h i s  puzzle i s  the  l ack  of 

agreement i n  determinations of t he  abundances of t h e  metals i n  t h e  

photosphere and corona. The metals genera l ly  xppear t o  be over- 

aburdant i n  t h e  corona r e l a t i v e  t o  t h e  photosphere. Perhtips the  

worst offender i n  t h i s  regard i s  i ron ,  which Pot tasch (1963) has 

found t o  be overabundant by a f a c t o r  20 i n  t h e  corona r e l a t i v e  t o  

t h e  photosphere.  

The concentrat ion of metals i n  t h e  corona can probably be under- 

s tood as a r e s u l t  of r a d i a t i o n  pressure  a c t i n g  on t h e i r  l i n e s .  The 

absorp t ion  cross  s e c t i o n  a t  the  center  of a l i n e  having an o s c i l l a t o r  

2 s t r e n g t h  of u n i t y  i s  - h , where h i s  t h e  photon wavelength. Haw- 

eve r ,  t h e  l i n e  half-width i s  only - of t h e  width of t he  Planck 

s p e c t r u r .  I n  a metal  wi th  many l i n e s ,  t h e  o s c i l l a t o r  s t r eng th  w i l l  

be divided among them, thereby allowing t h e  atom t o  absorb a s i g n i f i c a n t  

f r a c t i o n  of t h e  energy of impinging r a d i a t i o n .  

The force  a c t i n g  on a gram of some element due t o  r a d i a t i o n  

p res su re  i s  
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where L i s  t h e  s o l a r  luminosity,  R t he  s o l a r  r ad ius ,  k t h e  mean 

absorpt ion coe f f i c i en t  i n  cm /gm i n  t h e  f r a c t i o n  q of the  spectrum, 

and c i s  t h e  v e l o c i t y  of l i g h t .  The g r a v i t a t i o n a l  f o r c e  ac t ing  on 

the  same gram is  

2 

GM - -  - 
R2 grav F , 

where G i s  t h e  g r a v i t a t i o n a l  constant and M i s  the  mass of t h e  sun. 

For an intermediate  element, t h e  fo rce  due t o  r a d i a t i o n  pressure  on 

one or more l i n e s  with t o t a l  o s c i l l a t o r  s t r eng th  uni ty  exceeds the  

g r a v i t a t i o n a l  force  by two orders  of magnitude. 

The Los Alamos Opacity Code allows inc lus ion  of about a dozen 

elements i n  t h e  mixture f o r  which an opaci ty  i s  t o  be ca lcu la ted ,  

of which about e igh t  a r e  usua l ly  intermediate meta ls .  For s o l a r  

photospheric  condi t ions,  the  l i n e s  increase the  ca lcu la ted  Rosseland 

mean opaci ty  by a f a c t o r  1 .3 .  This means t h a t  about one-quarter 

of t h e  spectrum i s  obscured by heavily-absorbing lites, far  more 

than  necessary by the  above c r i t e r i o n .  

This cons idera t ion  would apply only if the  f u l l  Planck spectrum 

were inc ident  on t h e  atoms. I n  f a c t ,  t he  l i n e s  tend t o  be formed 

a t  o p t i c a l  depths - where the  o p t i c a l  depth i s  measured with 

r e spec t  t o  t h e  continuum, so  t h a t  the  majori ty  of t h e  e f f e c t i v e  p a r t  

of t h e  Planck spectrum is g r e a t l y  reduced by se l f - sh i e ld ing .  For an 

element l i k e  i ron ,  t h e  r a d i a t i o n  pressure exer ted  c o l l e c t i v e l y  on 

a l l  t h e  atoms i n  t h e  outer  or 10-l of t h e  o p t i c a l  depth i s  not 
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s u f f i c i e n t  t o  overcome g r a v i t a t i o n a l  f o r c e s .  

However, i n  t he  outer  s o l a r  atmosphere t h e  decreasing dens i ty  

and increas ing  temperature (toward t h e  chromosphere) w i l l  produce new 

s t ages  of i on iza t ion .  The number of ions i n  t h e s e  s tages  w i l l  be 

too  few for se l f - sh i e ld ing  t o  be important,  and hence r a d i a t i o n  pressure  

can exceed g rav i ty .  Diffusion outwards i s  then a s s i s t e d  by the  l o w  

dens i ty  but  impeded by t ransverse  magnetic f i e l d s .  When the  ion 

reaches t h e  corona and becomes s t i l l  more f u l l y  ionized,  t h e  number 

of l i n e s  i n  the  v i s i b l e  p a r t  of the  spectrum w i l l  diminish and r a d i a t i o n  

pressure  w i l l  no longer be dominant. 

If we accept t h e  r e a l i t y  of t h e  overabundances of metals i n  t h e  

corona, t hen  we should consider how rap id ly  these  w i l l  be removed from 

t h e  sun by the  s o l a r  wind. Since some g r a v i t a t i o n a l  s e t t l i r g  of 

t hese  ions occurs i n  the  corona (Parker 1963), such loss  of ions 

should vary w i t h  t h e  s t r eng th  of the  s o l a r  wind. BiJt s ince  r a d i a t i o n  

p res su re  should prevent t h e  ions from re tu rn ing  t o  t h e  photosphere, 

t he  loss  i n  t h e  s o l a r  wind should on t h e  average be t h e  same as the  

outward d i f fus ion  r a t e  from the  upper atmosphere of t h e  sun. 

Typical values  measured f o r  the  s o l a r  wind a t  t h e  e a r t h  f o r  t he  

d e n s i t y  and ve loc i ty  a r e  10 i o n s / ~ m . ~  and 5x10 7 cmlsec. This corresponds 

12 t o  a loss of mass by t h e  sun of' 2 . 8 ~ 1 0  @. / see . ,  i f  it i s  assumed 

t h a t  t he  s o l a r  wind i s  i s o t r o p i c .  I n  4 . 5 ~ 1 0  9 years  t h e  accumulated 

mass loss a t  t h i s  r a t e  would be 4 x 1 0 ~ ~  grams. 

It should be expected t h a t  the  s o l a r  photosphere w i l l  r e a d i l y  

exchange mass with t h e  outer  convection zone of t h e  sun. I n  a published 
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stv.dy of sclar evolu t ion ,  it was found t h a t  t he  outer  convection zone 

now contains  0.012 of t h e  s o l a r  mass (Ezer and Cameron 1965). More 

r ecen t  improved models obtained by Mrs. Ezer have only 0.008 of t h e  

s o l a r  mass i n  t h e  outer  convection z o m .  Thus it xppears t h a t  about 

0.025 of t h i s  convection zone has been depleted by the  s o l a r  wind during 

t h e  l i f e t i m e  of t h e  sun. Hence, if  i r o n  i s  overabundant i n  t h e  corona 

by a f a c t o r  20, then  0.5 of t h e  i ron  i n  t h e  outer  convection zone 

would be l o s t .  

Tnis i s  not  g r e a t l y  d i f f e r e n t  from t h e  0.75 o r  0.8 loss of i r o n  

which would be requi red  t o  accourrt for t h e  abundance discrepancy 

between the  photosphere and t h e  meteor i tes .  The a d d i t i o n a l  loss of 

i r o n  might r e a d i l y  occur i f  t h e  s o l a r  wind is  s t ronger  a t  middle 

s o l a r  l a t i t u d e s  than  near  t h e  equator ,  owing t o  t h e  g r e a t e r  s o l a r  

a c t i v i t y  and consequent g r e a t e r  coronal  hea t ing  a t  those l a t i t u d e s .  

It must a l s o  be requi red  t h a t  no s i g n i f i c a n t  mixing of mat ter  between 

t h e  outer  s o l a r  convection zone and t h e  inner  r a d i a t i v e  core can 

have occurred during most cf the  more r ecen t  l i f e t i n e  of t h e  SUG, 

Hence I be l i eve  tha t  a s t ronger  case can be made f o r  tak ing  a 

typical  me teo r i t i c  i r o n  abundance r a t h e r  than  t h e  photospheric  abundance 

as t y p i c a l  of t h e  p r imi t ive  solar system. 

S imi la r  e f f e c t s  may a l s o  occur i n  o ther  c l a s s e s  of s tars ,  bu t  

s imple p red ic t ions  a r e  not poss ib l e  arifig t o  l a c k  of knowledge of 

coronal compositlons ar,d s t e l l a r  wind mass loss ra tes .  However, i f  

any s i g n i f i c a z t  component of t h e  cosmic rays  i s  acce lera ted  i n  s t e l l a r  
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coronas, t,hen d e t a i l e d  abmdance anomalies could oczur due t o  s e l e c t i v e  

enrichment of c e r t a i n  elements i n  those  coronas.  

I a m  indebted t o  S.A. Colgate f o r  va luable  d iscuss ions  and t o  

H . C .  Urey f o r  r ecen t ly  prodding me t o  t h i n k  about t h i s  problem again.  
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